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doi:10.1016/j.ejvs.2008.11.007Abstract Objective: Knowledge of aortic shape changes throughout the cardiac cycle can
offer improved understanding of vascular pathophysiology and may have crucial impact on
stentgraft design and EVAR durability. To understand underlying mechanisms of dynamic
changes in aortic aneurysm (neck) morphology, the undiseased aorta has to be studied first.
Objective is to visualize and characterize dynamic aortic shape changes in young healthy
volunteers.
Materials and methods: Fifteen healthy volunteers (7 male, median age 24 year, range 18e28)
were scanned using ECG-gated balanced gradient-echoMRI,with 16 reconstructed cardiac phases.
Transverse scansweremade perpendicular to the aorta: (A) above the aortic bifurcation, (B) infra-
renal, (C) juxtarenal, (D) suprarenal and (E) above the celiac trunk. After aortic lumen segmenta-
tion, radial changes during the cardiac cycle were measured, from the center of mass, over 360
degrees, and plotted. An ellipse was fitted over the distention plots, yielding the direction
(AP:0, Right: 90, Left: 90) and magnitude of radius change over the major and minor axis.
Results: Asymmetric distention was observed, with a variable rate per patient and level. Radius
changes decreased from the proximal to distal aorta. Radius changes over the major axis ranged
from 14% to 41%. At level A mean change in radius over the minor versus major axis was
1.4  0.2 mm (17%) versus 1.6  0.2 mm (20%), respectively. At B 1.7  0.4 mm (22%) versus
2.0 0.4 mm (25%), at C 1.7 0.4 mm (22%) versus 2.2 0.4 mm (27%) at D 2.0 0.4 mm (25%)
versus2.4 0.5 mm(30%)andatE2.2 0.3 mm(27%)versus2.6 0.3 mm(32%).Meanorientation
of the major axis was (A) 0.8 23.3, (B) 1.8 31.3, (C) 14.0 15.5, (D) 28.8 48.0 and (E)
18.4 22.2.n, MD, Department of Vascular Surgery, Room G.04.129, University Medical Center, PO Box 85500,
l.: þ31 030 2506965; fax: þ31 030 2505017.
ht.nl (J. van Prehn).
ty for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.
Aortic Pulsatile Distention in Young Healthy Volunteers is Asymmetric 169Conclusions: Aortic pulsatile distention in young healthy volunteers is asymmetric, with up to 41%
radius change in the descending aorta. This study offers a frame of reference for dynamic imaging
studies in patients with aortic pathology and provides a valuable non-invasive tool for future
research into aortic distention, development and localization of vascular pathology.
ª 2008 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.Introduction
Cardiac output and aortic compliance result in aortic area
and diameter changes throughout the cardiac cycle.1e4
These dynamic changes are especially relevant to endovas-
cular aortic repair (EVAR). A key element of successful and
durable endovascular repair is an adequate proximal fixation
and seal, which can be accomplished by selection of the
appropriate endograft size and design. Endograft design
should be able to adapt constantly to the never-ending
conformational changes of the aorta throughout the cardiac
cycle. Because of these changes in aortic shape, ECG-gated
or triggered imaging studies are valuable for endograft sizing
and design.3,5 Some studies have observed that the aortic
expansion during the cardiac cycle is asymmetrical in the
aortic aneurysm neck.3,6 Asymmetric aortic expansion will
further complicate adequate and durable endograft fixation
and seal. The dynamic aortic changes in younger persons
free from vascular pathology are important as a baseline
reference and are even more relevant with the extension of
(thoracic) EVAR to traumatic ruptures of the aorta, which
typically occurs in younger patients.7 To understand the
dynamic changes in the aneurysmatic and atherosclerotic
aorta it is first necessary to gain insight into the aortic
dynamics of the undiseased aorta.
Objective
The aim of this study is visualize and characterize the
asymmetric aspect of dynamic aortic shape changes in
young and healthy volunteers.
Methods
Study subjects
Fifteen volunteers (7 male, 8 female, median age 24 years,
range 18e28) were studied. All volunteers were non-
smokers and free from diabetics and known cardiovascular
disease. The study design and protocol were approved by
the institutional medical ethics committee. Informed
consent was obtained from all participants.
Imaging
All scans were acquired on a clinical 1.5-T MR scanner
(Gyroscan Intera, Philips Medical Systems, Best, The Neth-
erlands). First, multistack thoraco-abdominal survey scans
were made. Second, a coronal balanced gradient fast field
echo survey scan was performed to localize the aortic
landmarks: the aortic bifurcation, the renal arteries and theceliac trunk. Transverse ECG-gated high-resolution balanced
fast field echo MRI scans with 16 reconstructed phases over
the cardiac cycle were made perpendicular to the aorta, as
verified both in the coronal and sagittal plane. Five levels
were selected for analysis: (A) 4 cm above the aortic bifur-
cation; (B) 1 cm below the lowest renal artery; (C) between
the renal arteries; (D) 3 cm above the lowest renal artery;
and (E) the descending aorta 3 cm above the celiac trunk.
Scan parameters were: echo time (TE) 3.1 ms, repetition
time (TR) 6.1 ms and flip angle 50. A scan percentage of
100% in the anteroposterior direction was usedwith a field of
view FOV of 270 340 mm2. The acquired and reconstructed
voxel size was 0.66 0.66 10 mm3. The scan duration for
obtaining a data set of 16 heart phases was approximately
6 min at each level.
Analysis
The scans were analyzed with dedicated in-house devel-
oped software (Dynamix, Image Sciences Institute, Utrecht,
The Netherlands). After defining a region-of-interest in the
16 cardiac phase images, the series of images were super-
sampled in-plane by linear interpolation in the left-right
and anteroposterior direction with an upsampling factor of
8. This was done to obtain smoother segmentations of the
aortic lumen and improve visual and quantitative analysis
of the aortic shape changes. Segmentations were made
semi-automatically. First, a seeding point was manually
placed in the aortic lumen. Second, a region growing
algorithm was applied after definition of a minimum
intensity value of the lumen pixels. An example of aortic
segmentation with minimum (diastolic) and maximum
(systolic) area during the cardiac cycle is shown in Fig. 1.
Two blinded independent observers reviewed all segmen-
tations manually and minor corrections were made if
necessary. The main cause of small irregularities in the
segmentations were branching vessels.
After segmentation of the aortic lumen in the images,
the radius change e the difference between minimum and
maximum radius over the cardiac cycle e was measured
over 360 axes, with an angular increment of 1 degree. Radii
were measured for each cardiac phase from the center of
mass of the aortic lumen to the inside of the aortic wall.
The observed aortic in-plane movement during the cardiac
cycle consists of aortic in-plane translation and aortic
expansion. The Center Of Mass (COM) displacement is the
sum of this aortic translation and expansion. Fig. 2 illus-
trates that the COM position in diastole and systole is
different. COM displacement can mimic radial expansion
which may lead to a false assumption of asymmetry. So, to
measure asymmetry it is necessary to take radius
measurements from the COM of each cardiac phase.
Figure 1 Aortic segmentation. The aortic lumen is segmented by thresholding. The minimum (diastolic) and maximum (systolic)
aortic area during the cardiac cycle is shown. Note the enormous difference in aortic area between diastole and systole. The
segmentation borders are very smooth because of upsampling of the images. This example is at the level of the descending aorta.
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was plotted as a function of angle. Matlab computing
software (Version 6.5, The Mathworks Inc., Natick, MA) was
used to fit an ellipse over the plots by Direct Least Square
Fitting of Ellipses.8 An example of a distention plot with an
ellipse fit is shown in Fig. 3. The ellipse fitting procedure
calculated radii of the major (Ra) and minor axis (Rb) and
angulation (q) of the ellipse.8 These parameters correspond
to the radius change over the major (Ra) and minor (Rb)
axis and the orientation of the major axis (q), the angle by
which the most prominent axis deviates from the ante-
roposterior (AP) direction. Thus, zero degree corresponds
to the AP-direction and deviations of 90 and 90 corre-
spond to right and left, respectively. Note that for every
orientation in the anterior direction (q) a mirrored orien-
tation (q 180 or qþ 180) in the posterior direction exists,
due to periodicity of the radial system used. For calculation
of the mean orientation a domain of 90 to 90 (the
anterior direction) was used.
In summary, the complete aortic shape change in all
directions (over 360 axis) was depicted by an ellipse andFigure 2 Center of mass. Example of different COM position
in diastole (light grey segmentation; COMdias) and systole (dark
grey; COMsyst). COM displacement can mimic radial expansion.
To measure asymmetry, radii should be measured from the
COM of each cardiac phase. The same segmentations as in
Fig. 1 are used.described by radius change over a major (Ra) and minor axis
(Rb). The asymmetry ratio was calculated by dividing Ra by
Rb. The Student t test for paired data was used to compare
radius changes over the major and minor axis. Statistical
significance was assumed at p< 0.05. Intra- and interob-
server variability was assessed according to Bland and
Altman.9
Results
At all levels there was a significant difference (p< 0.001)
between the radial change over the major and minor axis
(Fig. 4). Radius changes decreased from the proximal to the
distal aorta. The change over the major axis ranged
between 14% and 41%. The rate of asymmetry varied per
patient and per level and ranged between 1.02 and 1.53Figure 3 Radial distention plot with ellipse fitting. Radius
change during the cardiac cycle is plotted as a function of
angle. An ellipse is fitted over the plot. The radius change over
the major (Rmax) and minor axis (Rmin) is calculated as well as
the direction of the axis. AZ anterior, PZ posterior,
RZ right, LZ left.
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Figure 5 Asymmetry ratio. AUZ arbitrary units. The Ratio
is calculated as distention over the major axis divided by
distention over the minor axis. An asymmetry ratio of 1.0
represents a symmetric distention and is depicted by the
dashed line.
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anterior-posteriorly, with minor variations per aortic level,
as is visualized in Fig. 6. Detailed information on the radial
distention over the minor and major axis, the orientation of
the major axis, and asymmetry ratio’s can be found in Table
1. Intra-observer repeatability was 0.20 mm for radius
change and 24 for orientation of the major axis. Interob-
server variability was 0.27 mm and 22, respectively.
Discussion
In this study, ECG-gated MRI of very high temporal and
spatial resolution was successfully used to visualize aortic
shape changes throughout the cardiac cycle. Sophisticated
postprocessing methods allowed us to accurately detect
and quantify any asymmetry in pulsatile aortic distention.
We choose to study young healthy volunteers as the
purpose was to quantify the dynamics of the non-pathologic
and non-atherosclerotic aorta.
Although our measurements accounted for the aortic in-
plane translation, this study is limited by the inability to
correct for out-of plane movement. However, when
studying coronal and sagittal dynamic images of the aorta,
this movement seems to be minimal in the abdominal and
descending aortic region. A three-dimensional approach
would have ideally been used, but considering the
extremely long scanning time, is not feasible for analysis
with clinical MRI scanners, at this moment. Further, minor
manual corrections were necessary in about 20% of the
cases but at the juxtarenal and suprarenal level more
often, due to debranching vasculature. These minor
corrections were typically necessary only at a very small
portion of the aortic circumference. Also, the ellipse fitting
procedure minimizes the influence of manual adjustments
as the ellipse reflects the general trend of the distention
plots. Additionally, although corrections were done manu-
ally, repeatability coefficients are excellent.
Dynamic imaging of aortic shape changes induced by
cardiac pulsatility is becoming increasingly popular and is
providing a window into why complications with EVAR occur
and how they might be prevented.10 The dynamics of theAortic Radial Distention
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Figure 4 Mean radius changes (mm) over the major and
minor axis, calculated after fitting an ellipse through all radius
changes in 360 directions (with 1 degree angular increment).
Error bars indicate standard deviation. Percentages above the
bar represent mean percentage radius change.aorta can be observed using ultrasound,11 intravascular
ultrasound,6 ECG-gated MRI3 and ECG-triggered CTA.12 The
advantages of MRI are its non-invasive and non-ionising
nature; and the superior soft tissue contrast, which offers
the ability to study the aortic movement in relation to the
surrounding anatomy. To fully understand the dynamic
changes of the aorta in patients with aneurysmal disease it is
mandatory to have a baseline reference of the non-patho-
logic and non-atherosclerotic aorta. We have observed
a variation in shape changes and asymmetry ratio’s and
expect that this variation also appears in patients with
aneurysmatic disease. This must be taken into account when
optimizing stentgraft design to enhance EVAR durability.
Endovascular repair of traumatic aortic ruptures typi-
cally occurs in the younger patient and its application is
gaining popularity.7 In the descending aorta, we found that
the mean radius change over the major axis was 35%.
Consequently, compared with TEVAR in patients with
atherosclerotic aortas, endovascular repair in younger
patients will demand more of the endograft in terms of
durability and endograft sizing will be extra complicated.
We found that the aortic distention increased from the
distal (abdominal) to the proximal (thoracic) aorta. The
distention over the major axis ranged from 14% to 41%. This
amount of distention differs substantially with the disten-
tion observed in the descending and abdominal aorta in
patients with abdominal aortic aneurysms (circa 10%).3,12
This apparent decrease in distensibility is probably
explained by changes in aortic stiffness and wall structure
in atherosclerotic disease.
ECG-gated MR imaging offers a non-invasive tool to
assess (early) changes in aortic distention. We demon-
strated that the aortic distention of the aorta in young
healthy volunteers is asymmetric. Asymmetric distention
may help us to explain why aneurysms develop at certain
preferential places. For example, abdominal aneurysm
bulge mainly anteriorly and we found that the direction
abdominal aortic distention is orientated mainly anterior-
posteriorly. Another interesting fact is that at the supra-
renal level the orientation of the major distention axis is in
the right-anterior direction. The direction of distention
might be attributed to the presence of surrounding struc-
tures such as the lumbar spine or to specific patterns of
aortic blood flow.
Figure 6 Direction of distention. For each study subject the orientation of the major axis is drawn (lines). A direction of 90
corresponds to right, 0 to anteroposterior and 90 to left. The orientation of the mean axis is shown (green line) with þ1 and 1
standard deviation (light green). Note that for calculation of the mean axis a domain of 90 to 90 (anteriorly) is used and that for
every orientation a mirrored (posteriorly) orientation of þ or 180 exists.
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Table 1 Results
Above
bifurcation
Infrarenal Juxtarenal Suprarenal Descending
aorta
Distention major axis (mm)
Mean SD 1.6 0.2a 2.0 0.4a 2.2 0.4a 2.4 0.5a 2.6 0.3a
Range 1.1e1.9 1.2e2.9 1.6e3.3 1.4e3.1 2.0e3.2
Distention minor axis (mm)
Mean SD 1.4 ± 0.2 1.7 ± 0.4 1.7 ± 0.4 2.0 ± 0.4 2.2 ± 0.3
Range 0.9e1.6 1.1e2.5 1.2e2.7 1.1e2.5 1.7e2.7
Orientation major axis (degrees)
Mean SD 0.8 ± 23.3 1.8 ± 31.3 14.0 ± 15.5 -28.8 ± 48.0 18.4 ± 22.2
Range 54.6 to 30.4 62.2 to 50.2 21.5 to 48.5 81.1 to 85.7 9.3 to 68.9
Asymmetry ratio (AU)
Median 1.17 1.13 1.27 1.21 1.16
Inter quartile range 1.11e1.24 1.09e1.25 1.16e1.39 1.12e1.27 1.11e1.20
Range 1.09e1.34 1.02e1.36 1.04e1.53 1.03e1.40 1.08e1.28
a At all levels there was a significant difference (p< 0.001) between the radius change over the major and minor axis. SD, standard
deviation; AU, arbitrary units.
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results in a non-uniform strain. Arterial wall motion, cyclic
strain and (low and oscillating) wall shear stresses play
important roles in changes of wall architecture.13e16 Non-
uniform deformation and strain may very well contribute to
the localization and development of vascular pathology.
There is growing evidence that aneurysm rupture involves
a complex series of biological changes in the aortic wall.17
The traditional parameter to assess risk of aneurysm rupture
is the diameter.18e20 However, the diameter is only one
element of aneurysm geometry and therefore new tech-
niques such as volumetry and finite element analysis are
being investigated. 21,22 Quantification of the asymmetric
aspect of pulsatile aortic distention, and mapping distention
along the complete circumference of the aorta e in 360
directions e may provide a valuable new tool to link disten-
sibility to histology and pathology. In the future, combining
hemodynamic andmorphometric datawill hopefully allow us
to constitute a model that explains aneurysm development
and ultimately predicts aneurysm rupture.
Conclusion
ECG-gated MRI was successfully used for non-invasive
visualization of pulsatile aortic distention throughout the
cardiac cycle. Advanced post-processing enabled quantifi-
cation of asymmetric aortic distention. Aortic pulsatile
distention in young healthy volunteers is asymmetric, with
up to 41% radius change in the descending aorta. This study
offers a frame of reference for dynamic imaging studies in
patients with aortic pathology and provides a valuable non-
invasive tool for future research into aortic distensibility
and pathophysiology.
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